A conceptual model that simulates the formation and fate of odorous substances in branched collection systems is presented. The model predicts the activity of the relevant biomass phenotypes under aerobic, anoxic and anaerobic conditions in force mains and gravity sewers. The formation and fate of individual, malodorous substances in the bulk water, the biofilms and the sediments are modeled. The release of odorous compounds from the bulk water to the sewer gas phase, their fate in the gas phase and their subsequent ventilation into the urban atmosphere is simulated. Examples of model application include the prediction of hydrogen sulfide and malodorous fermentation products from force mains and gravity sewers.
INTRODUCTION
Odors from collection systems are a well-known nuisance that regularly give rise to complaints. The emission of malodors are often observed from large intercepting sewers with little slope or at locations downstream of force mains. At the source, however, most wastewaters are not particularly odorous and e.g. household wastewaters possess a more or less neutral hedonic tone, as do many industrial wastewaters.
Whether the hedonic tone becomes more unpleasant and/or the odor intensity increases during transport in the collection system, depends on factors like wastewater temperature, organic matter content, organic matter quality, redox conditions, and transport time. A crucial factor in the formation and fate of odorous substances in collection systems is the type of electron acceptors present as well as the type and quality of electron donors. In this respect, the central electron acceptors are oxygen, nitrate, nitrite, organic matter and sulfate, and the central electron donors are organic matter and sulfide.
Generally speaking, odorous substances are formed by degradation of organic matter in the absence of oxygen, nitrate and nitrite (anaerobic conditions). When bulk water conditions are aerobic (i.e. when oxygen is present) or anoxic (i.e. when oxygen is absent and nitrate and/or nitrite is present), organic matter is degraded without formation of strong odors.
The substances potentially causing odors from collection systems are manifold. One important substance is hydrogen sulfide, which, in addition to being malodorous, also is toxic and the cause It is the objective of this study to present a conceptual odor model for collection systems, integrating the latest understanding on in-sewer processes and the formation and fate of odorous substances. The model concept includes the relevant physical, chemical and biological processes under aerobic, anoxic and anaerobic conditions. The application of the model is exemplified by simulations of force mains and gravity sewers.
MODEL CONCEPT
Due to the fact that the formation and fate of odorous substances predominantly are biological processes, the core of a model for simulation of formation and fate of odorous substances in collection systems must be the activity of the relevant biomass phenotypes. A model must also take substrates and relevant breakdown pathways into account, and must simulate the major oxidation-reduction processes -including processes of purely chemical and physicochemical nature. The processes take place in bulk water, biofilms and sediments, and each of these phases must therefore be included, as must the relevant mass transfers across the phase boundaries. Owing to the fact that odorous substances are formed in the water phase but cause nuisances in the urban atmosphere, mass transfer between bulk water and sewer gas phase must be included in the concept, as must convective gas transport in gravity sewers and ventilation of sewer gas into the urban atmosphere.
A model that takes into account the processes relevant for simulation of electron acceptors and electron donors in collection systems has evolved over the last decades. The concept has been formulated in mathematical terms as a research tool under the name of Wastewater Aerobic/Anaerobic Transformation in Sewers (WATS), and comprises the work of numerous researchers (e.g. Hvitved-Jacobsen, 2002) . The parts developed first, concerned aerobic and anaerobic transformations of organic matter and sulfur in bulk water, biofilms and sediments. At present it is attempted to integrate odor and corrosion into the WATS model. The model presented in this study therefore makes use of preliminary and yet unpublished knowledge on nitrogen transformation, odor formation and the fate of sulfide in the sewer gas phase.
Odorous substances
Odors from sewers are caused by the combined impact of numerous volatile substances of both organic and inorganic nature. The substances are present in highly varying concentrations and many are difficult and time-consuming to measure, making it impractical to determine all relevant substances when assessing odor intensity and hedonic tone (Stuetz and Frechen, 2001) . It has furthermore hitherto not been possible to relate the concentrations of individual odorous substances to the resulting odor impression.
When assessing odors by simulation of the formation and fate of chemical compounds, the need therefore arises for indicator substances that are representative of the overall odor impression and that can be readily measured and modeled. The potential odorous substances in wastewater of sewers are primarily sulfide and volatile fermentation products (VOC's). Especially sulfide has been suggested as an odor indicator, partly because there is often some correlation between the odor of raw wastewater and its sulfide content and partly because it is rather simple to measure, compared to most organic odorous substances (e.g. Thistlethwayte and Goleb, 1972) .
Using sulfide as the sole odor indicator is, however, problematic. Even though sulfide is formed under conditions similar to other odorous substances -i.e. under anaerobic conditions and in the presence of readily biodegradable substrates -the breakdown pathways of sulfide differ significantly from those of volatile fermentation products. Well knowing that not all fermentation products are also malodorous, it is therefore from a modeling point of view relevant to use both sulfide and selected fermentation products as odor indicators.
Aerobic transformation of organic carbon and sulfur
A model for the aerobic carbon cycle in collection systems has been developed and experimentally validated under laboratory and field conditions (e.g. Hvitved-Jacobsen et al., 1998; Vollertsen and Hvitved-Jacobsen, 1999; Almeida et al., 2000; Vollertsen et al., 2005) . The concept is illustrated by the right-hand side of Figure 1 , and shows how hydrolysable substrates are transformed into readily degradable substrate and used for growth and maintenance of heterotrophic biomass. Two and in some cases three fractions of hydrolysable substrates are included, since experimental evidence have shown such a fractionation to be required . Biomass decay is not included in the concept as this process is of minor importance under sewer conditions (Hvitved-Jacobsen et al., 1998) .
Where conditions are aerobic, not only organic carbon acts as electron donor but also sulfide. The aerobic sulfur cycle is outlined in the left-hand side of Figure 1 , and has been studied in bulk water and biofilm by e.g. Nielsen et al. (2003; 2005a; 2006) . They quantified the in-sewer sulfide oxidation and found oxidation to take place in both the bulk water and the biofilm. They furthermore report that biological sulfide oxidation and chemical sulfide oxidation in general are of comparable magnitude. 
Anaerobic transformation of organic carbon and sulfur
The anaerobic sulfide formation process has been studied by numerous investigators and e.g. Pomeroy et al. (1985) have quantified this process, Figure 2 . The anaerobic carbon transformation processes in terms of anaerobic hydrolysis and fermentation were studied by e.g. Tanaka et al. (2000a) and integrated with the sulfide formation process. Tanaka et al. (2000b) validated this part of the concept through laboratory and field experiments. The processes that cause formation of specific odorous substances and their fate in collection systems have hitherto received little or no attention. Consequently, little is known of the complex microbial breakdown pathways and corresponding kinetics of specific organic substances (Stuetz and Frechen, 2001 ). The level of detail applied when modeling the formation and fate of organic odorous substances must reflect the state of knowledge and must consequently be kept correspondingly simple. In the concept presented, the organic malodorous substances are lumped and modeled as a subset of the fermentation products.
Anoxic transformation of organic carbon and sulfur
Anoxic conditions seldom prevail in sewer systems. However, when controlling odor and corrosion in especially force mains, the addition of nitrate has proven an efficient approach (Aesoy et al., 1997) . Both nitrate and nitrite suppress the formation of sulfide as well as the fermentation processes -a biological fact that is well-known from other environmental systems such as wastewater treatment plants.
The oxidation of organic matter under anoxic conditions in collection systems is not yet fully understood, however, bulk water studies show that nitrite is an important intermediate that accumulates in significant concentrations (Abdul-Talib et al., 2002) . Hitherto unpublished laboratory scale investigations show that nitrate reduction in sewer biofilms also gives rise to significant nitrite accumulation (Vollertsen et al., in prep) . Yang et al. (2005) reports anoxic biological sulfide oxidation to take place in the wastewater of sewers, however, at a significantly lower rate than aerobic biological sulfide oxidation. They did, however, not observe chemical sulfide oxidation by nitrate or nitrite.
Precipitation of sulfide
Depending on pH and redox conditions, sulfide is precipitated by heavy metals. In the wastewater and biofilms of collection systems, especially Fe and Zn are significant with respect to sulfide precipitation (Nielsen et al., 2005b) . In many wastewaters, the naturally occurring precipitation capacity is around 0.5 g S m -3 , however, the empirical knowledge on precipitation capacities of different wastewaters is still rather limited (Hvitved-Jacobsen, 2002).
Mass transfer over the air-water interface
The concept for mass transfer is established based on the physicochemical characteristics and conditions at the air-water interface. Where a free water surface exists, volatile substances are transferred over the air-water boundary. Mass is transferred in both directions depending on the bulk water being supersaturated or unsaturated with respect to the sewer gas phase. The mass transfer kinetics of a substance is identical in either direction and the transfer rate depends solely on the magnitude of the concentration gradient.
The resistance to mass transfer over the air-water boundary lies both in the water phase and in the gas phase. However, for substances having a high Henry's constant, i.e. being volatile in dilute aquatic solutions, the resistance to mass transfer is primarily in the water phase, and the transfer rate is determined by physical conditions of the water phase alone. Such is the case for e.g. oxygen, hydrogen sulfide, ethyl mercaptan and methyl mercaptan. For malodorous substances with a low Henry's constant, the resistance to mass transfer lies in the gas phase alone and the mass transfer depends on physical conditions in the gas phase and not on e.g. turbulences in the water phase. Such substances are e.g. ammonia, VFA's and methylamine. Another large group of malodorous substances are found in-between these borders, and the mass transfer of these substances depends on physical conditions in both phases (Liss and Slater, 1974; HvitvedJacobsen, 2002 ).
For two substances with similar mass transfer properties, the ratio of their respective mass transfer rate constants is a constant and independent of physical characteristics like temperature and turbulence (Liss and Slater, 1974) . This theoretical fact can be applied in the estimation of the mass transfer rate constant when simulating the release of a substance for which the mass transfer properties are not known from experimental studies.
Oxygen mass transfer from the gas phase and into the bulk water (reaeration) has been intensively studied and empirical equations describing reaeration are well established for many aquatic systems (e.g. Jensen, 1995) . Oxygen has a high Henry's constant and therefore mass transfer characteristics similar to that of many volatile, odorous substances. Together with the ratio between the mass transfer rate constant of oxygen and that of the substance in question, the empirical reaeration equations are therefore applied to simulate the mass transfer of odorous substances and other VOC's with high Henry's constants (e.g. WEF, 1998). The transfer of substances for which the main transfer resistance is in the gas phase -i.e. substances having a low Henry's constant -is not simulated due to a lack of solid empirical knowledge on the mass transfer of such substances.
Convective transport and ventilation
The microbial and chemical processes in wastewater and biofilms of collection systems occur on a timescale making it irrelevant to simulate non-uniform or unsteady flow conditions. The hydraulics applied in the simulations presented is consequently modeled as steady and uniform flow applying the Colebrook-White equation. The composition of the wastewater entering the sewer is assumed quasi-steady. Dispersion of substances is therefore not considered and plug flow is assumed when simulating wastewater transformations. Furthermore, as odor nuisances primarily are a dry-weather phenomena, only dry weather conditions are addressed.
Similar to the convective flow of water, gas is conveyed along the sewer line. However, where it is the gravitational force that causes the water to flow, it is mainly the drag force of the flowing water acting on the gas volume that causes convective gas transport. The convective gas transport in sewers has received limited attention, but WEF (1998) and Madsen et al. (in press) report natural sewer gas movement to occur at 5-20% of the wastewater flow velocity.
Ventilation -i.e. the loss of gas out of the collection system and into the urban atmosphere -is not well understood, but its magnitude is expected to be governed by the size, number and location of openings to the atmosphere. In the simulations presented, ventilation is simulated through openings in manhole covers only. Attempts have been made to quantify ventilation, and parameters like wind-speed, differences in atmospheric pressure and differences in temperature have been argued to govern the magnitude of ventilation (e.g. Olson et al., 1997 ).
The mathematical model
The concept depicted in Figures 1-3 can be formulated in terms of differential equations for each model component, accounting for the biomass and substrate dependencies of the individual processes. For the purpose of illustrating the mathematics of the concept, a segment of the matrix formulated equations is shown in Table 1 .
The notation applied is similar to what is used by several environmental models, e.g. activated sludge models. The matrix must be understood as the differential of the first row being equal to the sum of the processes listed in the respective columns. As an example, the change in H 2 S partial pressure in the sewer gas phase (P H2S ) is the sum of the emission of H 2 S from the water phase and the H 2 S gas oxidized on the moist surfaces of the sewer gas phase (Eq. 1):
The model contains 15 coupled differential equations that are solved by a finite difference method together with a simple Euler approach. A more complex and more accurate solution scheme is not an option, as the differential equations are non-linear, rather complex and coupled. The consequence of this rather crude solution scheme is a short time-step of around 1-5 seconds per step. 
SIMULATION EXAMPLES
Due to the many interlinked processes that proceed in the different phases of a collection system, the outcome of any simulation becomes strongly dependent on not only the physical characteristics of the system, but also on numerous factors like flow characteristics, wastewater composition, wastewater pH, temperature, airtightness of the system, pipe materials, and etceteras. The possible configurations and operational conditions are consequently many, and this study is therefore restricted to simulations that exemplify the application of the model concept.
In the following, sulfide and methyl mercaptan are chosen as odor indicators. The two substances are chosen since they are known to contribute significantly to the overall odor intensity (Hwang et al., 1995; Hvitved-Jacobsen, 2002) . Methyl mercaptan is chosen as an example of a volatile fermentation product with a low odor threshold value. However, the formation and breakdown of methyl mercaptan in sewers is not well understood, and the degradation of methyl mercaptan is therefore assumed to occur at the same rate as the bulk of fermentation products formed under anaerobic conditions, Figure 2 .
Example 1: Formation of odorous substances in force mains
Force mains are important sources for odorous substances since the wastewater typically is anaerobic for several hours. The substances are formed both in the biofilm and in the bulk water; however, the biofilm is the main contributor of e.g. hydrogen sulfide as the growth rate of sulfate reducing bacteria is low and a long biomass residence time consequently is a prerequisite. Figure  4 is an example of the formation of sulfide and methyl mercaptan in a force main of 400 mm diameter, with an average flow rate of 0.025 m 3 s -1 , and with a COD content of 670 g COD m -3 . The formation of methyl mercaptan is not well understood, and the formation is simply assumed to be 0.5 % of the fermentation products formed.
Significant concentrations of both sulfide and fermentation products -e.g. methyl mercaptanare formed during the 5 h 35 min of residence time in the force main. These substances are likely to cause nuisance in a downstream gravity sewer. One way of controlling that problem is to add nitrate at the pumping station. Figure 5 depicts a case where 20 g NO 3 -N m -3 is added. The nitrate is completely reduced over the first 1.5 km, while nitrite is building up. Here upon, the accumulated nitrite is reduced, and the force main becomes anaerobic some 3.3 km from the pumping station, at which location the formation of sulfide and other odorous substances begins. 
Example 2: Formation of odorous substances in gravity sewers
The formation of odors in gravity sewers depends on the balance between reaeration and oxygen consuming processes. The oxygen consumption rate increases with increasing concentrations of dissolved oxygen (DO), whereas the reaeration rate increases with decreasing DO concentration. I.e. the two processes proceed in opposite direction, and a balance is obtained at some DO concentration. Sewers with low slope, large water depths, high temperatures and concentrated wastewaters tend to obtain that balance at a rather low DO concentration and they hereby become quasi-anaerobic. Under such conditions, odors are formed in gravity sewers, however, in general at a lower rate compared to force mains, since the continuous supply of oxygen from the sewer gas phase limits the extent of the anaerobic processes.
An example of the release of methyl mercaptan and the corresponding dissolved oxygen concentrations in a gravity sewer with slopes varying from 0.05 % to 0.5 % is given in Figure 6 . The pipe is constructed of concrete and has a diameter of 1 m. The flow rate is 0.25 m 3 s -1 , corresponding to water depths ranging from 0.55 m to 0.30 m for the different slopes.
The simulations presented in Figure 6 show the change from quasi-anaerobic conditions at the low slopes to aerobic conditions at the high slopes. When the dissolved oxygen concentration is low, anaerobic processes take over, here illustrated by the formation of methyl mercaptan Example 3: The fate of odorous substances Figure 7 gives examples of simulations of sulfide and methyl mercaptan in a gravity sewer constructed of concrete. The gravity sewer receives 0.025 m 3 s -1 of anaerobic wastewater from a force main, containing 0.15 g m -3 methyl mercaptan and 3 g m -3 sulfide at a pH of 7.5 (cf. Hvitved-Jacobsen, 2002; Hwang et al., 1995) . The gravity sewer has a diameter of 1 m and the slope is 0.5 % for the simulations shown in the upper graphs of Figure 7 and 0.05 % for the simulations shown in the lower graphs. The gas flow velocity is 10 % of the water flow velocity and no gas is lost due to ventilation, i.e. all manhole covers and etceteras are hermetically sealed. For the gravity sewer with a slope of 0.5 % (Figure 7 , upper graphs), the simulations show that both sulfide and methyl mercaptan are removed from the bulk water with more or less the same rate, whereas methyl mercaptan is removed significantly slower when the slope is only 0.05 % (Figure 7 , lower graphs). The main reasons for these differences are twofold: Firstly, the release rate of both sulfide and methyl mercaptan is highest in the sewer with high slope. Secondly, the oxygen concentration in the sewer with high slope is around 2 g m -3 , whereas the oxygen concentration in the sewer with low slope is close to 0 g m -3 . I.e. in the first case the water phase is aerobic while it in the second case is quasi-anaerobic. The reason that sulfide is low in the gas phase of the sewer with a slope of 0.05 % while methyl mercaptan is high, is that sulfide becomes oxidized on the moist pipe walls, while methyl mercaptan is more or less inert in the gas phase.
These examples illustrate why the sulfide content of the gas phase or the bulk water is not always a good odor indicator: Not only is the formation of the different odorous substances brought about by different processes and by different phenotypes of microorganisms, but also the release and breakdown patterns of different malodorous substances differ significantly. Figure 7 illustrate the complex dynamic relationship between the different processes of formation, removal and mass transfer that governs some of the substances causing odors from sewers. Even though the different processes and their mutual interactions are complex, some simple relationships can be extracted applying stochastic modeling. The simulations presented in Figure 8 show how the occurrence of the maximum gas phase concentration of hydrogen sulfide and methyl mercaptan in a gravity sewer located downstream from the outlet of a force main varies with pipe diameter and water surface width. The simulations were performed applying a simple Monte Carlo procedure, running the model 1,000 times with randomly drawn values of pipe diameter, slope and flow, keeping all other parameters fixed. The parameters were drawn from linear distributions in the intervals: 0.2 m ≤ pipe diameter ≤ 1.5 m; 0.01 % ≤ slope ≤ 1 % and 0.1 % ≤ percent of full flow ≤ 50 %. Figure 7 -Simulation of hydrogen sulfide and methyl mercaptan in a gravity sewer of 0.5 % slope (upper graphs) and 0.05 % (lower graphs), receiving anaerobic wastewater from a force main First of all, Figure 8 shows that the maximum gas phase concentration of hydrogen sulfide always will occur closer to the force main than the maximum gas phase concentration of methyl mercaptan. The cause is among others a higher Henry's constant for hydrogen sulfide than for methyl mercaptan, that sulfide is oxidized in the water phase under aerobic conditions, and that hydrogen sulfide is continuously oxidized on the moist concrete sewer walls. The different propagation pattern of e.g. hydrogen sulfide gas and methyl mercaptan gas in the sewer atmosphere illustrates that the odor composition changes along the sewer line and that hydrogen sulfide is not always a good indicator for the occurrence of odor.
Pipe characteristics. The simulations shown in
Another aspect that becomes obvious is that the distance from the force main outlet to the occurrence of the maximum gas phase concentration increases with increasing pipe diameter as well as with increasing width of the water surface. Correlations with other parameters were also tested, and good correlations were found with water depth and with the size of the wetted perimeter. However, no correlation was found for flow related parameters like the flow rate or the water velocity. 
Ventilation.
A collection system is in reality never completely airtight, and some ventilation will always occur in any such system. However, the knowledge on ventilation from collection systems is limited to some few studies (e.g. WEF, 1998; Madsen et al., in press ). Figure 9 shows the simulation of sulfide and methyl mercaptan in the gravity sewer with 0.5 % slope, which was also modeled in Figure 7 . However, in this case the sewer is not airtight and 3.4 10 -4 m 3 m -1 s -1 is ventilated to the urban atmosphere. The ventilation rate is deducted from field experiments conducted by WEF (1998) and the ventilation occurs in manholes located every 50 m. Figure 9 -Simulation of hydrogen sulfide and methyl mercaptan in a gravity sewer with loss of sewer gas from ventilation. The sewer receives anaerobic wastewater from a force main and the slope of the invert is 0.5 % Comparing Figure 7 and Figure 9 it is seen that ventilation reduces the occurrence of especially methyl mercaptan in the gas phase, whereas the gas phase concentration of hydrogen sulfide is reduced to a lesser degree. The reason for this difference is that while ventilation is the only sink for gaseous methyl mercaptan, both ventilation and oxidation on the concrete sewer walls are sinks for gaseous hydrogen sulfide. The comparison illustrates that a relatively airtight gravity sewer system that receives anaerobic wastewater will cause higher odor intensities in case of a breach compared to an open system. However, natural ventilation alone is insufficient to control odor from a gravity sewer.
Odor control
A possible approach for odor control of wastewater from a force main is to strip off volatile odorous substances into the gas phase, from where it is removed by forced ventilation. Figure 10 exemplifies this, where the wastewater drops 2 meters from a force main and into a gravity sewer. In the simulations, the forced ventilation removes all gas from the first 50 m of the gravity sewer, but does not affect the convective gas transport in the downstream reaches. Figure 10 -Simulation of hydrogen sulfide and methyl mercaptan in a gravity sewer with forced ventilation at the start of the pipe. The sewer receives anaerobic wastewater from a force main and the slope of the invert is 0.5 % Comparing Figure 10 with Figure 7 shows that only a rather small fraction of the two odorous substances is actually released from the wastewater during passage of the sewer drop, and that the effect of the forced ventilation on the downstream odor release is limited. In general stripping and forced ventilation is only effective when the wastewater is subjected to prolonged stripping and when large volumes of air are simultaneously ventilated.
An effective odor control method, on the other hand, is to avoid anaerobic conditions, cf. Figure  5 and Figure 6 . In the case of gravity sewers, this is best done in the design phase, where simulations of the redox conditions allow assessment of the risk of anaerobic conditions and the consequences of odor impacts. In the case of force mains, conditions can be kept aerobic by addition of air or pure oxygen, or conditions can be kept anoxic by the addition of nitrate salts; the later solution being very effective. The model applied in this study is designed to simulate such scenarios, too.
CONCLUDING REMARKS
Malodors in collection systems are caused by a combination of numerous volatile substances with low odor threshold values, the formation and fate of which are complex and interlinked. Today's knowledge on in-sewer processes does, however, allow simulation of substances with known chemical and biological characteristics. Hydrogen sulfide is a wastewater constituent that must be included in odor simulations, however, also fermentation products must be taken into account since some of these products contribute significantly to the overall odor impression. Furthermore, even though the formation of fermentation products occur under conditions similar to the formation of sulfide, the fate of fermentation products differ significantly from the fate of hydrogen sulfide.
In-sewer process modeling of the relevant electron acceptors, electron donors and involved biomass phenotypes, allows prediction of the formation, reduction, release and fate of malodorous substances already in the design phase of a collection system. Hereby the means needed for optimizing the design of a collection system with respect to odor control and possible odor hotspots become available.
A trustworthy prediction of malodors has the potential of being an important tool for odor management. Odor simulations can be applied in the design of management strategies and make it possible to asses the effect of a strategy prior to its implementation. Also the consequences of changes in a catchment -e.g. in terms of establishment of new industries, the connection of new sub-catchments, and etceteras -can be quantified by this methodology. In general, conceptual modeling of odors is recommended as a versatile tool for design and management of collection systems.
